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Rotational Temperature
To determine T rot from REMPi spectra one can use graphical (Boltzmann rotational population distribution) or deconvolution methods. If most of the spectral lines, preferably belonging to the same rotational branch, are sharply resolved, plotting the natural logarithm of the intensities versus the ground-state-rotational energy delivers a linear Boltzmann plot and from the slope -(1/k T rot ) the rotational temperature can be obtained easily. Deconvolution methods are applied when overlapping neighbouring spectral lines do not allow their clear identification (see the Q(0), Q(l) in Figure 2 ) and besides an equivocal determination of the spectral intensity [6] . Figure 3 shows the measured temperature distribution along an N^ -plume (po = 2.0 bar, TO = 300 K). The Boltzmann plot data (5 to 7 transitions) are compared to the two peaks-method S(2) / S(l). At high rarefaction (r/d*> 500) the rotational temperature freezes [7, 8] at about 8 K. The flowfield that could be studied by REMPi is pretty big; the detection limit was 2.5 m downstream.
The measured farfield temperature of 8K in the plume is slighsly higher than in a more rapid freejet expansion, where 7K was measured by rempi [5] , which is in aggreement with freezing calculations taking a collition rate of 4.2 for the rotaton in N 2 .
A radial temperature profile is given in Figure 4 at the downstream positions 100 mm and 500 mm. The nozzle [1] was turned around nozzle exit. At high angles the measured rotational temperatures increase markedly; this can be either the gas coming from the boundary layer expanding into vacuum, not the core flow, or the energy distributions at higher angles do no longer show a Boltzmann behaviour. Figure 5 shows the measured rotational energy distribution at the position r = 100 mm, 0 =30°, where the averaging would give a temperature of 22 K, see Figure 4 . In Figure 5 two modes of temperature can be deduced, 19.2 K for the lower states and 43.6 K for the higher ones. It might be a mixture of cold and some warm molecules, but the definition of rotational temperature becomes questionable, if there is no strict Boltzmann distribution [9] .
Nevertheless, the distributions on-axis looked like Boltzmann distributions, the off-axis one did not. From such a spectrum as given in Fig. 5 we can either postulate two temperatures (mixture of cold molecules in the core flow and warmer one coming from the boundary layer expansion) or a non-Boltzmann behaviour of molecules during the expansion. Since the relative intensity of a rotational line in the REMPi spectrum is proportional to the relative number density, one can obtain the absolute density in the plume flow field using the free jet expansion in the reference cell [5] , when using the same laser beam (83% to STG, 17% to reference cell). Figure 6 shows the measured density distribution on-axis in a nozzle plume (p 0 = 2.0 bar, T 0 = 300 K) up to r/d*=5000 (3.0 m downstream). In comparison a plume model calculation [13] based on [10, 11] is plotted; the measured data are markedly higher. Also in the angular density distribution this model does not fit the experimental data, see Figure 7 . Especially at higher angles the model is not in agreement with the REMPi measurements. Experimental errors are the background molecules reflected mainly from the lens (150 K), which is estimated up to 10% for the far downstream position, and the signal to noise conditions of the detector that limited the system to downstream location < 3.0 m instead of 5.0 m available in the chamber. We estimate the experimental error up to 50% for the highest rarefaction, but this error is still too small to hit the plume model prediction. The possibility of background molecules from the cryopump also rules out; this value give only a number densitz of nb/no = 10"
10
. Therefore a new model is under development [12] based on the experiments [1, 5] . In the figures 6 and 7 only the S(0) and S(l) lines were selected for the density determination under the following assumptions:
1. The linebroadening in the STG and the reference cell is nearly identical.
2. The intensity of the selected line is enough to get a high signal to noise ratio.
3. The nonlinearity of the REMPi process due to the laser flux was taken into account.
4. In the studied density field (n < 10 15 cm ~3) the intensity of the REMPi signal is proportional to the N 2 -density.
FIGURE 6:
Measured number density on axis, comparison with plume model based on [10, 11] 734
Since the relative intensity of a rotational line in the REMPi spectrum is proportional to the relative number density, one can obtain the absolute density in the plume flow field using the free jet expansion in the reference cell [5] , when using the same laser beam (83% to STG, 17% to reference cell). Figure 6 shows the measured density distribution on-axis in a nozzle plume (p 0 = 2.0 bar, T 0 = 300 K) up to r/d*=5000 (3.0 m downstream). In comparison a plume model calculation [13] based on [10, 11] is plotted; the measured data are markedly higher. Also in the angular density distribution this model does not fit the experimental data, see Figure 7 . Especially at higher angles the model is not in agreement with the REMPi measurements. Experimental errors are the background molecules reflected mainly from the lens (150 K), which is estimated up to 10% for the far downstream position, and the signal to noise conditions of the detector that limited the system to downstream location ≤ 3.0 m instead of 5.0 m available in the chamber. We estimate the experimental error up to 50% for the highest rarefaction, but this error is still too small to hit the plume model prediction. The possibility of background molecules from the cryopump also rules out; this value give only a number densitz of nb/no = 10 -10 . Therefore a new model is under development [12] based on the experiments [1, 5] . In the figures 6 and 7 only the S(0) and S(1) lines were selected for the density determination under the following assumptions:
4. In the studied density field (n < 10 15 cm -3 ) the intensity of the REMPi signal is proportional to the N 2 -density.
Measured number density on axis, comparison with plume model based on [10, 11] Jit FIGURE 7: Angular density profile measured 100 mm downstream
CONCLUSION
The spectroscopy method REMPi is on appropriate technique is highly rarefied plumes and free-jets. Rotatiounal temperatures and densities can be measured down to densities of 10 13 I/cm 3 for N2-molecules in a big cryopumped chamber. Flow speeds can also be measured in that density range [5] without disturbing the flow field. Due to ambient source temperatures (300K) the expansion process cooles down to 8K on-axis of the plume.
Reliable rotational temperatures can be determined by this method in case of a Boltzmann distribution; for other types of energy distributions all states can be measured. REMPi enables the measurement of the absolute number density when calibrated with a reference cell under known conditions. It is now possible to set up a new expansion model for rarefied plumes due to the angular density distributions measured. Future experiments in the STG chamber will investigate flow quantities in H 2 -plumes and the backflow regions of N 2 -and H 2 -plumes. 
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